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On the basis of thermodynamic properties and phase diagram data, the Cu-In binary system
was thermodynamically assessed. The phases in this system were modeled using the Redlich-
Kister expression for the Gibbs energies of the solution phases, adopting three-sublattice models
for  and , and assuming stoichiometric compounds for other intermetallic phases. Then a set
of consistent parameters was obtained by the CALPHAD method, by which reasonable agree-
ment can be realized between the thermodynamic properties for various phases and phase
relations of this system.
1. Introduction
Indium-based alloys are potential candidates for Pb-free
solders in electronic packaging, which are beginning to at-
tract attention from the industry as a result of the demand
for environmental conservation. Phase equilibria of this sys-
tem are useful for gaining a better knowledge for the de-
velopment of Pb-free solders because of the fact that by
thermodynamic calculation with suitable extrapolation tech-
niques, not only stable phase equilibria, but also metastable
phase relations can be obtained and some important infor-
mation on higher-order alloys can be predicted.
Based on the experimental data of the phase diagram
[1993Bol], thermodynamic assessment of the Cu-In binary
system has recently been made [1993Kao]. The results are
in agreement with most thermodynamic and phase diagram
data. However, , a bcc solution with a wide composition
range, was still treated as a linear compound. Furthermore,
the structural difference between  (with an InMn3 struc-
ture) and  (with a triclinic cell) and between  (with a
NiAs structure, stable at higher temperature [HT]) and 
(stable at low temperature [LT]), were not considered
[1993Kao]. Additionally, new thermodynamic data of this
system have been reported [1999Bah, 2000Dic]. Thus, we
have conducted a reassessment of the Cu-In binary system
by adopting reasonable thermodynamic models.
2. Evaluation of Experimental Data
2.1 Phase Diagram
The phase diagram of the Cu-In binary system was re-
viewed [1989Sub] according to the previous data on phase
relations [1934Wei, 1940Hum, 1949Owe, 1951Rey,
1953Jon, 1969Str, 1972Jai, 1980Kim], which agrees well
with the latest results [1993Bol] in the composition range of
<35 at.% In. However, in the range from 35-40 at.% In,
especially in the range composed of  and , phase rela-
tions reported by Jain [1972Jai] and adopted in Subrama-
nian [1989Sub] differ from those given in [1940Hum,
1949Owe, 1993Bol].
By differential thermal analysis (DTA) and x-ray diffrac-
tion (XRD), Jain et al. [1972Jai] found that at least five
phases denoted by h, A, A, B, and C from HT to LT exist
in the range from 35-38 at.% In. The transition temperatures
between h and A, and A and A, were confirmed by
[1976Vin] using the electromotive force (EMF) method and
by [1981Wal] using differential scanning calorimetry
(DSC), respectively. Comparing the results [1940Hum,
1949Owe, 1980Kim, 1993Bol], h and A and A comprised
the region of , and in B and C the region of . Neverthe-
less, in light of the fact that A and A have already been
found in Cu-In films [2000Orb] and were not formed in
annealed bulk samples [1993Bol], A and A may be re-
garded as metastable phases. With regard to phase C, al-
though many samples were studied by [1972Jai], its exis-
tence was not confirmed by [1993Bol] using XRD, DTA,
and DSC. Thus, phase C is also regarded as a metastable
phase and is excluded by [1994Oka]. In summary, only two
phases,  and , are thought to be stable in the range of
35∼38 at.% In. Taking into account the phase relations
[1972Jai, 1993Bol, 1994Oka],  is denoted by Cu064In036
in the present work.
The phase  was first reported by Weibbe and Eggers
[1934Wei] and later determined to be Cu11In9 in [1981Raj].
In light of [1993Bol], this phase is stable at room tempera-
ture (RT). Although the phase CuIn2 was found to form at
RT in film samples [1986Kep, 1991Che], it may be a meta-
stable phase. Bolcavage et al. [1993Bol] studied bulk
samples annealed at 250 °C for 5-45 days by DSC and did
not find a transition corresponding to CuIn2. Later, Orbey et
al. [2000Orb] investigated the reactions occurring in the
Cu/In films in the range from RT-400 °C and found that
only Cu11In9 was observed instead of CuIn2. Therefore,
CuIn2 is also neglected in the present work.
2.2 Thermodynamic Data
Thermodynamic properties of liquid Cu-In alloys have
been determined previously [1956Kle, 1969Aza, 1971Ita,
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1973Jac, 1974Jag, 1975Ita, 1976Kan, 1977Kan, 1990Kam].
Among these data, those in [1976Kan, 1977Kan] are by far
the most comprehensive and indicate a strong dependence
of mixing enthalpy of liquid on temperature. Such a ten-
dency was recently confirmed by Bahari et al. [1999Bah],
who measured the enthalpies and heat capacities of the alloy
with 30 at.% In. The activities of In in Cu-In liquid were
measured [1977Kan, 1990Kam] and are in good agree-
ment.
Thermodynamic properties of fcc(Cu) have been re-
ported [1956Kle, 1972Pre, 1973Jac, 1974Bha, 1975Mas].
As shown by Subramanian and Laughlin [1989Sub], the
integral excess molar Gibbs energies and excess entropies
of fcc(Cu) are too disparate to derive any average values.
Also, activities of In in face-centered cubic (fcc) as reported
in [1972Pre, 1974Bha] show a large discrepancy. Hence, all
thermodynamic data of fcc are set with small weight in the
present optimization.
Thermodynamic properties of intermediate phases of the
Cu-In system were measured for  [1956Kle, 1977Kan], for
 [1976Kan, 1981Wal], for  [1956Kle, 1976Vin, 1981Wal,
1983Kut], and for the alloys locating in the / field
[1956Kle, 1976Kan, 1976Vin, 1983Kut]. The enthalpy and
entropy of fusion of  were previously reported by Kang et
al. [1976Kan] to be 6790 J/mol and 7.1 J/mol · K, respec-
tively, differing from the corresponding values of 9300
J/mol and 9.7 J/mol · K more recently measured [1981Wal].
Wallbrecht et al. [1981Wal] also measured the enthalpy and
entropy of transformation →, which were 2450 J/mol and
2.7 J/mol · K, respectively. Recently, by using a DSC
method, Bahari et al. [1999Bah] measured the enthalpy
changes with temperature of alloy Cu07In03 and deter-
mined the enthalpies of the → and →L transitions to be
1945 and 8340 J/mol, respectively. The formation enthal-
pies of  (Cu07In0.3) and  (Cu064In0.36 ) alloys have been
newly reported [2000Dic].
3. Thermodynamic Models
3.1 Solution Phase: Liquid, fcc(Cu) and 
The enthalpies of mixing of liquid of Cu-In alloys re-
ported previously [1976Kan, 1977Kan, 1999Bah] indicate a
strong dependence on temperature. Herein, the Gibbs en-












 j xCu − xIn
j
(Eq 1)
Fig. 1 Calculated phase diagram of the Cu-In binary system in the present assessment
Section I: Basic and Applied Research
410 Journal of Phase Equilibria Vol. 23 No. 5 2002
where
LCu,In
j = Aj + BjT + CjT lnT (Eq 2)
and xi is the mol fraction of component element i, Gi
0 the
molar Gibbs energy of pure element i, and L(j)Cu,In the inter-
action parameter. Aj, Bj, and Cj are parameters to be opti-
mized, and m usually takes values lower than 3, although it
may take any non-negative number. fcc and  are modeled
with similar expression where Cj  0 in the interaction
parameter.
3.2  Phase
 Phase has an InMn3-type ordering structure
[1980Kim]. Considering the radius of Cu and In atoms and
the crystal structure, the thermodynamic model of  is de-
noted by (Cu)0.654(Cu,In)0.115(In)0.231, of which the Gibbs






















tetr = E2 + F2T (Eq 5)
LCu:Cu,In:In
 = C + DT (Eq 6)
and Ei, Fi, C, and D are parameters to be optimized, and Y i
II
is the molar fraction of element i in the second sublattice.
3.3 Compounds: (Cu07In03 ), (Cu064In036), and Cu11In9
Because experimental data concerning , Cu11In9, and ,
including thermodynamic and phase diagram data, are quite
limited, these phases are simplified to stoichiometric com-
pounds. Gibbs energies of these compounds are ex-
pressed as follows when the Neumann-Kopp rule is adopted:
GAaBb − aGCu
fcc − bGIn
tetr = E3 + F3T (Eq 7)
where AaBb represents the compounds, a and b are ratios of
atoms in the formula, and E3 and F3 are parameters to be
optimized.
3.4  Phases
The  phase has a homogeneous range from about 33-
38 at.% In, which is stable at HT and has a NiAs-type
structure [1972Jai, 1993Bol]. Kao et al. [1993Kao] have
described the HT-phase  as (Cu,Va)0333 (In,Va)0333(Cu)0334.
However, it may be much easier to substitute In for Cu or
Cu for a vacancy, than substituting In for vacancy, because
the radius of an In atom is much larger than that of a Cu
atom. In addition, the HT phase  in the Cu-Sn system has
been modeled as (Sn)0455(Cu)0545 [1996Shi], which has an
isotypical structure of  in the Cu-In system. Thus,
(In)0333(In,Cu)0122(Cu)0545 is used to describe  in the























tetr = E5 + F5T (Eq 10)
where E4,E5,F4,F5, and L

Cu:Cu,In:In are also to be optimized,
Table 1 Thermodynamic Parameters of the Cu-In System Assessed in the Present Work, J/mol
Phase and Model Parameters in This Work
Liquid (Cu,In) L(0)Cu,In  −41 564.8 + 238.616T − 29.827 Tln(T)
L(1)Cu,In  −76 057.8 + 371.306T − 44.994 Tln(T)
L(2)Cu,In  −42 076.5 + 192.395T − 23.281 Tln(T)
Fcc (Cu,In) L(0)Cu.In  −6475.9 + 21.830T
L(1)Cu,In  −29 935.2 − 5.672T
L(2)Cu,In  47 350.2 − 40.210T
 (Cu,In) L(0)Cu,In  −20 532.8 + 12.724T





tetr  −2204.8 − 3.443T
GCu:In:In −0.654GCu
fcc −0.346GIn
tetr  −7131.6 + 0.112T
 (Cu)0.7(In)0.3 G  0.7GCu
fcc − 0.3GIn





tetr  −6301.5 − 0.940T
GCu:In:In − 0.545GCu
fcc − 0.455GIn
tetr  −156.7 − 7.030T
LCu:Cu,In:In  −14526.5 + 18.020T
 (Cu)0.64(In)0.36 G − 0.64GCu
fcc − 0.36GIn
tetr  −8173.8 + 1.380T
Cu11In9 (Cu)0.55(In)0.45 GCu11In9 − 0.55GCu
fcc − 0.45GIn
tetr  −7525.6 + 1.703T
Note: GCu
fcc is the molar Gibbs energy of fcc Copper and GIn
tetr of tetragonal Indium.
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and Yi
II is the molar fraction of element i in the second
sublattice.
4. Results and Discussion
Adopting the lattice stabilities of elements Cu and In as
given by [1991Din], the thermodynamic parameters for all
phases have been optimized as listed in Table 1.
4.1 Phase Diagram Evaluation
Figure 1 shows the phase diagram of the Cu-In binary
system reassessed in this work and a comparison with ex-
perimental data is shown in Fig. 2. It appears that reasonable
agreement is obtained with some exceptions as noted below.
First, the calculated fcc(Cu) solvus shows slightly lower
content of In in the temperature range of 600-750 K and a
slightly higher content of In in the range of 750-970 K
compared with experimental data [1934Wei, 1949Owe,
1953Jon]. This deviation may partly result from simplifica-
tion of  to a stoichiometric compound. Second, as shown in
Fig. 2, the assessed liquidus at In-rich part (>80 at.% In) is
higher than the experimental data [1934Wei].
Table 2 lists the invariant reactions in the Cu-In system.
It can be seen that the calculated temperatures of invariant
reactions are reasonably consistent with corresponding ex-
perimental values. The differences between the calculated
and experimental temperatures for most invariant reactions
are within 5 K, with the exception of the invariant reaction
L + (Cu) → , for which the calculated temperature deviates
5 K and 10 K from those reported by Hume-Rothery et al.
[1940Hum] and Weibke and Eggers [1934Wei], respec-
tively. The errors of compositions for invariant reactions are
also acceptable. It should be noted here that in the present
optimization no more attention has been paid to tempera-
tures than to compositions of invariant reactions. Furthermore,
the structural difference between  and  and between  and
 and the homogeneity ranges of  and  are all taken into
account. All the calculated results are reasonably acceptable.
4.2 Evaluation of Optimized Thermodynamic Data
Figure 3 shows the calculated and experimental mixing
enthalpies of liquid at different temperatures. It is clear that
good fits are obtained.
Heat changes of the alloy (30 at.% In) with temperature
have been further assessed as illustrated in Fig. 4 to compare
Fig. 2 Comparison between the calculated phase diagram and experimental data in the Cu-In binary system
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Fig. 3 Calculated enthalpies of mixing of liquid Cu-In alloys in
comparison with the experimental values (Ref. State: liquid Cu and
liquid In)
Fig. 4 Calculated heat content of alloy Cu0.7In0.3 compared with
the experimental data [1999Bah]
Table 2 Comparison Between Calculated and Experimental Invariant Reactions





L + fcc →  20.8 9.5 18.3 988 Peritectic [1934Wei]
20.9 10.1 18.1 983 Peritectic [1940Hum]
21.1 9.4 18.9 978 Peritectic This work
 → fcc +  20.2 10.9 29.0 847 Eutectoid [1989Sub]
19.4 9.2 30.0 844 Eutectoid This work
L →  +  25.7 27.8 951 Eutectic [1989Sub]
25.8 28.0 953 Eutectic This work
L →  29.1 958 Congruent [1934Wei]
29.6 955 Congruent [1951Rey]
29.3 959 Congruent This work
 →  29.5 904 Congruent [1934Wei]
30.2 903 Congruent [1951Rey]
906 Congruent This work
 →  +  27.9 22.1 28.2 889 Eutectoid [1934Wei]
27.7 21.8 28.9 890 Eutectoid [1951Rey]
27.9 21.1 889 Eutectoid This work
 →  +  30.8 30.5 32.7 888 Eutectoid [1934Wei]
31.3 30.6 33.1 886 Eutectoid [1951Rey]
33.4 887 Eutectoid [1972Jai]
32.0 33.8 886 Eutectoid This work
L +  →  35.2 31.2 32.7 944 Peritectic [1934Wei]
31.3 32.9 940 Peritectic [1951Rey]
35.4 33.0 940 Peritectic [1972Jail]
37.8 31.8 33.7 941 peritectic This work
 +  →  662 Peritectoid [1993Bol]
664 Peritectoid This work
L +  → Cu11In9 3.0 37.8 45.0 580 Peritectic [1993Bol]
6.5 37.7 580 Peritectic This work
L → Cu11In9 + (In) 98.4 45.0 100.0 427 Eutectic [1993Bol]
99.2 427 Eutectic This work
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with the experimental data recently reported in [1999Bah].
Obviously, the calculated values match the reported data
well.
Enthalpies for / and /L transitions are calculated to be
−2908 and −9085 J/mol, respectively, in comparison with
the experimental data of −1946 and −8340 J/mol from Ba-
hari et al. [1999Bah], −2450 and −9300 J/mol by Wallbrecht
et al. [1981Wal], respectively, whereas Kang et al.
[1977Kan] reported the fusion enthalpy of /L to be −6790
J/mol. Apparently, the calculated values are closer to those
measured by Bahari et al. [1999Bah] and Wallbrecht et al.
[1981Wal] than to those by Kang et al. [1977Kan]. Never-
theless, the calculated values for the enthalpies for / and
/L transitions are acceptable.
Table 3 lists the integral enthalpies and Gibbs energies of
formation of the various phases. It is obvious that most
calculated data are in good agreement with the correspond-
ing experimental values except the Gibbs energies of .
However, it should be noted that during optimization, a
good fit could not be realized with both experimental data of
formation enthalpy and Gibbs energy of . Namely, if a
good fit is obtained with the enthalpy of , a reasonable
agreement can’t be realized with the Gibbs energy of .
Similarly, if good agreement is realized with the Gibbs en-
ergy of , an acceptable fit cannot not be obtained with the
enthalpy of . Such problem has also been encountered
previously [1993Kao].
Comparison between the calculated and experimental ac-
tivities of In in liquid is shown in Fig. 5. Obviously, the
calculated activities of In in liquid are in good agreement
with experimental values [1976Kan, 1977Kan, 1990Kam].
5. Conclusion
The phase diagram of the Cu-In binary system was ther-
modynamically reassessed on the basis of experimental
phase diagram and thermodynamic properties by adopting
suitable models for the various phases. A set of parameters
was obtained which can reproduce most of thermodynamic
and phase diagram data.
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 20.86 903 −431 [1976Kan]
20.86 903 −1330 This work
20.86 941 −464 [1976Kan]
20.86 941 −1330 This work
21.94 903 −2423 [1976Kan]
21.94 903 −1487 This work
 29.95 903 −5230 [1976Kan]
29.95 903 −5147 This work
29.95 941 −3310 [1976Kan]
29.95 941 −5147 This work
30.87 941 −3874 [1976Kan]
30.87 941 −5542 This work
31.16 903 −6100 [1976Kan]
31.16 903 −5667 This work
31.16 941 −6088 [1976Kan]
31.16 941 −5667 This work
 30.0 298 −7714 [1983Kut]
30.0 298 −8620 [2000Dic]
30.0 298 −7642 −7991 This work
 33.8 723 −8011 [1956Kle]
37.5 723 −7660 [1956Kle]
36.5 723 −5712 −7757 [1976Vin]
39.0 723 −5601 −7382 [1976Vin]
35.2 773 −5608 −7548 [1976Vin]
35.2 773 −7251 −7267 This work
35.8 723 −5738 −7780 [1976Vin]
35.8 773 −5624 −7445 [1976Vin]
35.8 773 −7259 −7417 This work
36.5 773 −5600 −7422 [1976Vin]
36.5 773 −7251 −7504 This work
37.5 773 −5584 −7264 [1976Vin]
37.5 773 −7211 −7463 This work
34.31 903 −6636 [1976Vin]
34.31 903 −6915 This work
34.76 903 −6402 [1976Vin]
34.76 903 −7113 This work
 36.0 298 −8211 [200Dic]
36.0 298 −8117 This work
Fig. 5 Calculated and experimental activities of indium in liquid
Cu-In alloys at different temperatures (Ref. state: liquid In)
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